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The Sinai Peninsula has been recognized as a subplate of the African Plate located at the triple junction of
the Gulf of Suez rift, the Dead Sea Transform fault, and the Red Sea rift. The upper and lower crustal
structures of this tectonically active, rapidly developing region are yet poorly understood because of
many limitations. For this reason, a set of P- and S-wave travel times recorded at 14 seismic stations
belonging to the Egyptian National Seismographic Network (ENSN) from 111 local and regional events
are analyzed to investigate the crustal structures and the locations of the seismogenic zones beneath
central and southern Sinai. Because the velocity model used for routine earthquake location by ENSN is
one-dimensional, the travel-time residuals will show lateral heterogeneity of the velocity structures and
unmodeled vertical structures. Seismic activity is strong along the eastern and southern borders of the
study area but low to moderate along the northern boundary and the Gulf of Suez to the west. The crustal
Vp/Vs ratio is 1.74 from shallow (depth  10 km) earthquakes and 1.76 from deeper (depth > 10 km)
crustal events. The majority of the regional and local travel-time residuals are positive relative to the
Preliminary Reference Earth Model (PREM), implying that the seismic stations are located above widely
distributed, tectonically-induced low-velocity zones. These low-velocity zones are mostly related to the
local crustal faults affecting the sedimentary section and the basement complex as well as the rifting
processes prevailing in the northern Red Sea region and the ascending of hot mantle materials along
crustal fractures. The delineation of these low-velocity zones and the locations of big crustal earthquakes
enable the identiﬁcation of areas prone to intense seismotectonic activities, which should be excluded
from major future development projects and large constructions in central and southern Sinai.
 2012, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Central and southern Sinai is a very promising region for
tourism in Egypt and because of its richness in fossil fuel, renewable
energy, and mineral resources. The tectonics of the Sinai Peninsula
and the surrounding Gulf of Suez and Gulf of Aqaba rifts are
strongly dominated by the active boundaries between the Africanof Geosciences (Beijing)
sevier
sity of Geosciences (Beijing) and Pand Arabian plates which are separating one from the other (e.g.,
Piersanti et al., 2001). From Neogene to late Miocene, this area was
subjected to different phases of motion (Fig. 1). At the beginning,
the northeastward drift of the Arabian plate yielded the opening of
the Red Sea; subsequently, the opening propagated toward north,
along the Gulf of Suez area. Finally, the opening of the Gulf of Suez
probably slowed and the stresses of the Red Sea rift were trans-
ferred along the Dead Sea region, generating an NNE left-lateral
shear motion with minor extensional component. Several geolog-
ical and seismological investigations prove that the area
surrounding the Gulf of Suez, displayed extensional tectonics with
large deformation rates (e.g., Ben-Menahem et al., 1976; Le Pichon
et al., 1988; Steckler et al., 1988; Salamon et al., 1996). At present,
some extension is still recognized but with very low deformation
rate (e.g., Steckler, 1985; Jackson et al., 1988; Steckler et al., 1988).
Geological studies show that the oldest movements of the
AqabaeDead Sea Transform fault zone are surely younger than
those in the Suez basin, thus implying the end of the extension ofeking University. Production and hosting by Elsevier B.V. All rights reserved.
Figure 1. Present-day seismotectonic features in the eastern Mediterranean area (after
Klinger et al., 1999). Seismicity from 1960 to 1995 (gray circles) is reported from NEIC,
including the 22 November 1995 earthquake (white star) and following aftershocks,
for magnitudes greater than 3. GS and GA are the Gulf of Suez and the Gulf of Aqaba,
respectively.
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fault zone about 10 Ma ago (Steckler et al., 1988).
To determine the characteristics of velocity structure fromwave
propagation, most studies use the method of seismic tomography
(Thurber, 1983; Zhao et al., 1992; Rau andWu,1995; Ma et al., 1996;
Salah and Zhao, 2003) or ray tracing methods (Um and Thurber,
1987; Lin, 2000). Available arrival time data in Sinai are not yet
sufﬁcient to carry out a detailed seismic tomography study. Alter-
natively, it is possible to ﬁnd out spatial changes of the velocity
structure by analyzing the P-wave travel-time residuals (TTRs). The
P-wave TTR is deﬁned as the difference between the observed and
calculated travel times for a given velocity model. The residuals of
P-wave travel times at seismic stations are routinely obtained when
an earthquake is located or can be calculated relative to any well-
established velocity model. The accuracy of earthquake location is
in turn judged by the TTRs of seismic P- or S-waves (Lee and Tsai,
2004). Several factors may affect the TTRs, such as reading accu-
racy of arrival times, available seismic phases, the network geom-
etry, and knowledge of the crustal structure (Pavlis, 1986).
However, it is generally thought that the velocity structure is the
main factor affecting the TTRs, particularly if we use a large amount
of data to reduce the effect of man-made errors such as reading
errors of arrival times, select larger earthquake magnitudes to
increase available phases, and choose good network geometry to
improve earthquake location.
In this study, P-wave TTRs from local and regional earthquakes
in and to the northwest of the Sinai subplate, respectively, arecomputed. Because the velocitymodel used in locating earthquakes
is one-dimensional, it will differ from the real velocity structure,
which is usually 3-D. So, lateral and unmodeled vertical variations
of velocity will result in the residuals of seismic travel times at
stations. These residuals are often used to make station corrections
in earthquake location (Pavlis and Booker, 1983; Pujol, 1992, 1995).
In addition, the seismicity pattern of the study region and the
variations of the crustal Vp/Vs ratio, are brieﬂy studied. Finally, the
geological and geophysical implications of the obtained results are
discussed and their relationship with respect to the geological and
seismotectonic setting of the Sinai subplate is addressed.
2. Geologic and seismotectonic setting
The Sinai subplate is located close to the convergence boundary
of two big lithospheric plates: Africa, and Eurasia. In addition, it is
affected by the opening of the Red Sea and its two branches (the
Gulf of Suez and the Gulf of AqabaeDead Sea Transform fault
system). Tectonic plate motion between Africa, Arabia and Eurasia
becomes complex in the eastern Mediterranean due to indepen-
dent motion of smaller blocks or subplates (Wdowinski et al.,
2006). Thus, the seismicity is attributed mainly to the interaction
between the three plates of Eurasia, Africa and Arabia (Figs. 1 and
2). Large earthquakes occur along three main zones: the northern
Red SeaeGulf of Suez, the Gulf of AqabaeDead Sea Transform, and
the eastern Mediterranean regions (Figs. 2 and 3a). These three
zones represent the boundaries between adjacent plates. Frequent
seismic activity occurs in the northernmost part of the Red Sea and
the Gulf of Aqaba where some moderate to large earthquakes of
magnitudeMs 5.0e7.3 have been observed (Hurukawa et al., 2001;
Marzouk et al., 2008).
The Sinai subplate is considered as a new tectonic element that
was formed as a result of a Cenozoic breakup of the eastern Medi-
terranean and the Levant basin. The geology, tectonics and kine-
maticsof its boundarieshavebeenstudiedbymany researchers (e.g.,
Said, 1962; Woodside, 1977; Garfunkel, 1981; Baldridge et al., 1991;
Bosworth and McClay, 2001). Central and southern Sinai is highly
dissected by igneous and metamorphic mountains which rise to
a height of about 2675 m. In the southernmost part, Precambrian
igneous and metamorphic rocks forming the so-called
ArabianeNubian massive (Fig. 3b) are exposed. The structure of
the Gulf of Suez area is governed by normal faults and tilted blocks
whose crests constitute the main target of exploratory wells. The
fault pattern consists of two major sets: (1) longitudinal faults
parallel to the rift axis and created in an extensional regime; and (2)
transverse faults with an NeS to NNEeSSW dominant trend
(Colletta et al., 1988). The basement rocks of south Sinai are slightly
dipping northwardwith the consequent thickening of the overlying
sediments. Since the basement rocks are the oldest rocks in Egypt,
they are expected to record all tectonic events affecting Egypt since
the early Precambrian to the present. The surface tectonic trends
show a large number of tectonic elements of varying length and
trends (Neev, 1975; Said, 1990). The west Sinai rift area is a narrow
elongate plain extending from the Bitter lakes southwards to Ras
Mohammed. This part is characterized by the presence of a series of
normal faults of varying lengths and displacements. According to El
Shazly et al. (1974), all of these faults are oriented in the NWeSE
direction. In general, the predominant directions of the fault
systems in Sinai were deduced from the interpretation of the
magneticmap of Egypt (Ahmed andHassaneen,1985). These are the
NeS, EeW (Mediterranean Sea trend), NEeSW (including the ENE
Syrian Arc trend and the NNE Gulf of Aqaba trend), and the NWeSE
(Gulf of Suez trend) directions.
The epicentral distribution of earthquakes indicates that the
seismic activity near the Gulf of Aqaba and the northern Red Sea
Figure 2. Epicentral distribution of 27,200 earthquakes reported from NEIC, from 1973 to 2009 in the northeastern part of Africa and the eastern Mediterranean regions (National
Earthquake Information Center (NEIC), 2010). Circles vary in size according to magnitude (magnitude scale is to the lower left) and in gray color according to the focal depth. The
black star to the right of the black triangle corresponds to the epicenter of the 22 November 1995 earthquake.
M.K. Salah / Geoscience Frontiers 4 (2013) 213e222 215regions is much higher and relatively denser than that in the Gulf
of Suez (Fig. 2). It is often conﬁned to known surface traces of
active faults or within local grabens (Hofstetter, 2003). In addition,
most-if not all-large earthquakes (M  5.0) occur in/and around
the Gulf of Aqaba (Fig. 3). Although this is a general feature for the
region, the dense activity observed in Fig. 2 is due to the occur-
rence of the largest mainshock of 22 November 1995 (Ms ¼ 7.3)
and its aftershock sequence (Hurukawa et al., 2001; Marzouk
et al., 2008). The epicenter of the mainshock is located in
a highly fractured and cracked focal zone (Klinger et al., 1999),
producing signiﬁcant structural damage (e.g., Malkawi et al., 1999).The seismic activity along the Gulf of Suez is highest near its
southern entrance, in the middle, and in the northernmost part
with some gaps in between. For example, an Ms 6.6 earthquake
occurred near Shadwan Island on 31 March 1969 and caused some
damage, which included numerous rock falls (Ambraseys et al.,
1994). In addition, several earthquake swarms occurred near the
entrance of the Gulf of Suez (Hurukawa et al., 2001). In contrast,
the seismic activity in the Gulf of Aqaba is distributed along its
whole length without any gaps in the epicentral distribution.
Moreover, central and southern Sinai could be affected by seis-
micity in adjacent areas such as around CairoeSuez road, the Dead
Figure 3. (a) Epicentral distribution of 28 large shallow earthquakes (M  5.0) around
Sinai Peninsula during the period from 1974 to 2004 as reported from NEIC catalogs.
Circles vary in gray color according to the focal depth. (b) Tectonic map of south Sinai
(modiﬁed by Shendi et al., 2008 after Neev, 1975 and Agha, 1981).
Table 1
ENSN stations in central and southern Sinai and near the Gulf of Suez, which are
used in the present study.
No. Station code Latitude
(N)
Longitude
(E)
Height
(km)
1 ZNM Abu Zeneima 29.3750 32.8770 0.0410
2 ZAF Zaafarana 29.2820 32.5500 0.1550
3 SUZ Suez 29.8400 32.8300 0.2750
4 RDS Abu Rudies 28.7110 33.2970 0.2600
5 GRB Gharib 28.2700 32.7860 0.1750
6 TR1 El Tor 1 28.0070 33.9520 0.2800
7 TR2 El Tor 2 28.3850 33.7230 0.2750
8 NKL Nukhul 29.9290 33.9800 0.4400
9 CAT Saint Catherine 28.7750 33.9790 0.4100
10 BST Basata 29.2160 34.7320 0.2000
11 DHB Dahab 28.7220 34.6180 0.0300
12 NUB Nuweiba 29.0270 33.6480 0.1450
13 SHR Sharm El Sheikh 27.8920 34.1320 0.2100
14 ZET Gebel El Zeit 27.8700 33.5400 0.2450
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the east and northeast Mediterranean (Fig. 2). Few intraplate
events are also observed in the central portions of Sinai and may
be attributed to movements on local active faults. Being a small
region composed of a heterogeneous crustal structure (Ginzburg
et al., 1979) and surrounded by active boundaries that induce
a heterogeneous stress ﬁeld, this intraplate seismic activity can be
deciphered (Salamon et al., 2003).3. Data and methods
The present study area of central and southern Sinai is bounded
by latitude 30N from the north, the Gulf of Aqaba to the east, the
Gulf of Suez to the west, and the northern Red Sea region from the
south direction (Fig. 2). The last three boundaries represent the
main active seismic zones in Egypt. Following the Mw 5.8, October
12, 1992 Dahshour earthquake which occurred 35 km SW of Cairo,
the National Research Institute of Astronomy and Geophysics
(NRIAG) of Egypt started the installation of the Egyptian National
Seismographic Network (ENSN), covering all Egypt to detect and
record the local and regional earthquakes as well as teleseismic
events. The NRIAG upgraded the data communication system from
telephone lines to satellite to increase the efﬁciency of the ENSN. By
the end of 2002, the installation of all seismic ﬁeld stations has
been accomplished and ﬁve sub-centers have been established and
equipped. Besides, a new Earthquake Disaster Reduction Data
Center (EDRDC) was established and supported by GIS technology.
In this study, the arrivals and event information reported at four
NRIAG seismological bulletins from 2004 to 2007 are analyzed to
study the crustal structure beneath central and southern Sinai. Data
at 14 seismic stations distributed throughout the study region
(Table 1 and Fig. 4) is processed and analyzed. The routine location
of the seismic events is estimated by two implemented programs:
HYPO71PC (Lee and Valdes, 1985) and LOC (Geological Survey of
Canada). The LOC program is preferred to locate regional events,
while HYPO71 is used when good azimuthal coverage around
stations is available (ENSN, 2004e2007). An average global crustal
model developed by the Geological Survey of Canada is used to
locate the regional seismic events. This model uses an average Vp of
6.2 km/s for the crust, and 8.2 km/s for the uppermost mantle with
a Moho located at a depth of 36 km. Regional seismicity is intense
along Cyprus, southern Turkey and Greece (Fig. 2). A total of 73
regional events with latitudes 36.0N and M  4.5, recorded by
the 14 seismic stations are used in the present analysis, giving 465
arrivals. Hypocentral parameters listed in the four NRIAG bulletins
are utilized and the ‘taup’ library (http://www.seis.sc.edu/taup/
index.html) is used to calculate the regional TTRs relative to
PREM (Dziewonski and Anderson, 1981).
Velocity anomalies estimated from TTRs are characteristic for
the whole path from the source area to the recording station (see
Discussion). In other words, they may be located near the source,
beneath the recording station, or along the path in between.We are
primarily concerned with the local velocity structure beneath
central and southern Sinai. For this reason, 38 local events (Fig. 5)
are selected to compute local TTRs relative to the same reference
velocity model. The 38 local events are recorded by the 14 seismic
Figure 4. Epicentral distribution of 73 regional earthquakes (stars) recorded by 14 ENSN stations (solid triangles) in central and southern Sinai, which are used to calculate regional
travel-time residuals (TTRs). TTRs are plotted at the piercing points as circles which vary in size according to the magnitude of the residual. Stars and circles vary in gray color
according to the depth of the hypocenter and the piercing point, respectively.
Figure 5. Epicentral distribution of the 38 local seismic events (gray circles) and the
ENSN stations (solid triangles), which are used to calculate local TTRs (see text for
details).
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not all- of the path traveled by P-waves generated by the local
events is within the crust since most events have shallow depths
and the epicentral distances to the recording stations are not
substantially large. This implies that the estimated velocity anom-
alies from the magnitude of the TTRs are characteristic of the local
crustal velocity structure in central and southern Sinai.
The travel-time residual tij, from the jth event at the ith station is
deﬁned as the difference between the observed and calculated
seismic travel times at a station (Lee and Tsai, 2004). It can be
simply written as:
tij ¼ Tobsij  Tcalij (1)
where Tobsij and T
cal
ij are the observed and calculated travel times,
respectively. The average residual ri, for the ith station is calculated
for all events recorded by that station, resulting in a mean travel-
time residual for the ith station.
ri ¼
1
ni
Xni
j¼1
rij (2)
where ni is the number of events observed at the ith station. The
residual will be positive when the observed travel time is greater
than the calculated travel time. This means that the P-wave is
arriving late at this station. On the other hand, the residual will be
M.K. Salah / Geoscience Frontiers 4 (2013) 213e222218negative when the observed travel time is less than the calculated
travel time. It means that the P-wave is arriving early at this station.
The early and late P-wave travel time will show, respectively,
relatively fast and slow velocity structures through which the P-
wave propagates. The velocity is usually high for cold and hard
rocks and low for hot and soft rocks. If P-waves propagate to
a station from all directions, the average of the residuals represents
the contribution of local site characteristics of the station. On the
contrary, if P-waves propagate fromone direction, the residuals will
be inﬂuenced by the entire unmodeled velocity structure through
which they propagate.
4. Results
Fig. 4 shows the regional events and the seismic stations which
are used to calculate the regional P-wave TTRs relative to PREM. The
residuals are plotted on the piercing points that are all located
beneath the Mediterranean. About 90% of the individual TTRs are
positive ranging from 0.1 to 4.5 s, implying a general low-velocity
structure along the ray path from the source areas in southern
Greece and Turkey to the recording stations in central and southern
Sinai. Only positive residuals are plotted in Fig. 4, then, we use Eq.
(2) to compute themean TTR at each station using both positive and
negative residuals from regional events and plot it at the station
locations in Fig. 6a. The mean residual reﬂects the characteristics of
the velocity structure from the source to the station. It is clear that
all stations display positive residuals with a magnitude that is
slightly increasing from the south to the northwest direction.
Average TTRs calculated from local events (Fig. 6b) are also positive
although of lower magnitude compared with the regional TTRs and
increase in magnitude to the north. This means that the P-wave
velocity is generally slow in the area. The residuals from both
regional and local events are positive and increase in magnitude to
the north and northwest. In addition to many factors that could
induce the low-velocity structure beneath the study area, this may
be attributed in part to the gradual northward increase of the
thickness of the sedimentary rocks in central Sinai and the north-
ernmost part of the Gulf of Suez. The implications of these positive
residuals for the velocity structure beneath central and southern
Sinai and across the Gulf of Suez and the Gulf of Aqaba are dis-
cussed in the following paragraphs.
5. Discussion
Central and southern Sinai is wedged between the triple junc-
tion connecting the Gulf of Suez rift, the Dead Sea Transform fault,
and the Red Sea rift. Thus, it is an area where active spreading
especially along the Gulf of Aqaba is occurring. This inference is
supported by the dense concentration of earthquake hypocenters
along its eastern boundary, which are probably induced by the
upward ascending of hot mantle materials to the crust along weak
fracture zones. The reported earthquakes are mainly of crustal
origin and some of them are accompanied by considerable damages
and economic losses (Abdel-Rahman et al., 2009). Previous geologic
studies of the Sinai Peninsula indicate that it has been affected by
many fault trends: NeS (East African) trend, NNE (Aqaba) trend,
EeW (Tethyan) trend, NW (Clysmic) trend, and WNW Najd shear
system across the Arabian shield (McKenzie, 1970; Le Pichon and
Francheteau, 1978; Sultan et al., 1988; Girdler, 1991). Ben-
Avraham (1985, 1987) studied the structural setting of the Gulf of
Aqaba and proposed that mantle upwelling which precedes crustal
spreading is possibly occurring in the southern and central parts of
the gulf. Sandvol et al. (2001) mapped low Sn velocity zones in the
southern Dead Sea fault and the Gulf of Aqaba, which are inter-
preted to be a possible extension of the hot and anomalous uppermantle of the Red Sea and the East African rift system (see also Al-
Damegh et al., 2004). Previous studies of the seismic activity along
the Gulf of Aqaba revealed that many swarm activities occurred in
relatively short recurrence periods (e.g., 1983, 1990, 1993). The
velocity structure for this kind of environment is expected to be
slow, which is consistent with the observed positive TTRs. Earhardt
et al. (2005) studied two magmatic intrusions, which are aligned
with the strike of the Gulf of Aqaba in the northern Red Sea, that
indicate a weakness (fault) zone in the basement parallel to the
Dead Sea Transform. This fault zone could be responsible for
generating most of the seismicity and swarm activities in the Gulf
of Aqaba.
If the mean residuals of travel times at a station are positive for
many seismic events, it means that either the velocity model used
to calculate theoretical arrival times is too fast or the velocity
structure is too low for the areas near the station. The residuals of
travel times may change by the change of the velocity model used
for earthquake location (Lee and Tsai, 2004). However, the inver-
sion method for earthquake location is to minimize the residuals of
travel times for all recording stations. Hence, the actual velocity
structure not the model changes, is likely the most important factor
for the residual changes in central and southern Sinai. In accor-
dance with this, Rihm et al. (1991) detected a reduced Pn velocity
and a high Poisson’s ratio in the northern Red Sea and parts of Sinai
and assigned them to partial melting in the uppermost mantle.
With the exception of the Dead Sea Transform, Prodehl et al. (1997)
found that the entire Afro-Arabian rift system is underlain by
anomalous mantle with Pn velocities less than 8 km/s. Recently, Al-
Lazki et al. (2004) mapped the Pn velocity at the junction of the
Arabian, Eurasian, and African plates and found a major low-
velocity zone beneath the northwestern part of Arabia and Sinai
Peninsula. Low Pn velocities found beneath the junction of the
Arabian, Eurasian, and African plates including the Sinai Peninsula
imply the presence of an anomalously hot and/or thin mantle lid
representing a possible northward extension of the anomalous
mantle beneath the Red Sea spreading system. Poor Sn propagation
and low Pn velocities, which are indicative of high uppermost
mantle attenuation, imply hotter uppermost mantle and perhaps
the presence of partial melt (Rodgers et al., 1997). Fig. 7 illustrates
the relation between the local TTRs and the regional TTRs, which
are of different magnitudes, implying that the latter are affected, to
a great extent, by the local low-velocity structure beneath central
and southern Sinai. On the other hand, the average TTRs calculated
for the 38 local events are not strongly inﬂuenced by the focal
depth (Fig. 8); hence, the low-velocity anomalies have also
a signiﬁcant contribution from shallow layers in the upper/middle
crust of central and southern Sinai. These previous geophysical
observations and the present inferences support the existence of
low-velocity zones in the crust and uppermost mantle beneath the
northern Red Sea and the Sinai Peninsula.
Borehole temperatures and organic maturity measurements in
the eastern margin of the Gulf of Suez by Feinstein et al. (1996)
suggest that the present thermal regime represents the
maximum heat ﬂow and temperatures for the sedimentary section
in the basin. Furthermore, lateral distributions of geothermal
gradient and heat ﬂow in the Gulf of Suez do not correlate, mainly
because of extensive variability in lithology and thermal conduc-
tivity. Rift-related heat ﬂow increases systematically and subpar-
allel to the rift axis, from about 60 mW/m2 in the Darag subbasin in
the north to about 80 mW/m2 in the Ras Garra area in the south.
Both values are higher than 45 mW/m2, the average heat ﬂow
assumed for the pre-rift stage. The north to south increase in heat
ﬂow probably reﬂects the southward increase of extension as well
as lateral transfer of heat ﬂow from the Red Sea. Fig. 9 shows the
local event-station path maps for TR1 and NKL stations that exhibit
Figure 6. (a) Average TTRs from regional events plotted at the station locations in
central and southern Sinai. A slight increase of residuals (scale is at bottom left) to the
north and northwest can be observed. (b) Same as (a), but for the average TTRs from
local events in central and southern Sinai.
Figure 8. Focal depth of the local 38 events plotted vs. the average TTRs. Residuals are
not strongly inﬂuenced by the depth of the hypocenter.
Figure 7. The relationship between the local and regional TTRs averaged at 12 seismic
stations in central and southern Sinai (see text for more details).
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for most events recorded at TR1 are less than 100 km. This indicates
that the wave paths are predominantly of the direct P-wave
through the crust. The seismic activity is frequently observed at
a depth range from 5 to 15 km within the top layer of the Earth’s
crust (Fig. 2), which represents the seismogenic layer generating
most earthquakes (Marzouk et al., 2008). In the case of NKL station,
most raypaths cross the Gulf of Aqaba and the Gulf of Suez rifts as
well as large portions of central Sinai which are covered by Phan-
erozoic sediments, thus, exhibiting the largest TTR. The epicentral
distances are larger and range from 50 to 250 km, implying an
additional contribution from the low-velocity anomalies in the
uppermost mantle.
Previous studies about the seismicity in the Gulf of Suez thought
that although the southern end of the gulf is seismically active, this
activity does not extend along the whole gulf (e.g., Maamoun et al.,
1984; Lyberis, 1988). However, with the installation of the recentENSN stations, and the seismic networks in neighboring countries,
many events in the central and northern parts of the gulf are
recorded (Fig. 2). In addition, the seismic activity continues from
the northern Red Sea through the Suez Gulf to the northern part of
the Eastern Desert of Egypt.
The crustal Vp/Vs ratio (related to s; Poisson’s ratio), is an
important physical parameter in studying the crustal and upper
mantle structure since it gives a lot of constraints on lithology,
temperature, pore pressure, fractures or porosity, anisotropy, and
ﬂuid content (Kern, 1978; Christensen, 1979, 1996; Fountain and
Christensen, 1989). Moreover, the relocation and depth determi-
nation of events are much more dependent on Vp/Vs ratio than on
P-wave velocity value and the uncertainty in this ratio is the most
critical source of error in depth determination methods
(Deschamps and King, 1984). It has been found that Vp and Vp/Vs
ratio are lowest for quartz-rich silicates and larger for crustal rocks
of more maﬁc composition (Koch, 1992). The presence of ﬂuids
complicates interpretation of Vp/Vs variations. Fluid saturation
induces higher P-wave velocity and saturated, unconsolidated
sediments typically have high Vp/Vs ratio. If open fractures and
microcracks occur in the upper crust as seems likely, ﬁlling of this
porosity with water or other ﬂuids would have a marked effect on
Vp/Vs ratio (Christensen, 1989; Johnson and Hartman, 1991). We
constructed Wadati diagrams to calculate the Vp/Vs ratio where
the difference between the shear and compressional wave travel
times (TsTp) is plotted against the compressional wave travel
Figure 9. (a) Raypaths between the epicenter of the local crustal events and station
TR1, which exhibits the smallest TTR in southern Sinai. (b) Same as (a), but for NKL
station that exhibits the largest TTR in central Sinai.
Figure 10. Wadati diagrams constructed for: (a) shallow (depth  10 km) and (b)
lower crustal (depth > 10 km) events in central and southern Sinai.
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(depth > 10 km) events, using all available S arrivals, are 1.74, and
1.76, respectively (Fig. 10). These slightly high ratios indicate low
S-wave velocity that may be induced by the presence of ﬂuids and/
or partial melt in the uppermost mantle and the lower crust
accompanying the rifting processes that formed the northern Red
Sea, the Gulf of Suez and the Gulf of Aqaba rifts. This conclusion is
in agreement with the lower mantle velocities and higher Pois-
son’s ratio detected by Rodgers et al. (1999) beneath the Arabian
Shield, which probably arise from a partially molten mantle
associated with the Red Sea spreading and continental volcanism
(see also Mellors et al., 1999). High s values are also mapped in
other parts of the world such as in the shallow layers of the south-
southeastern part of Granada Basin, south Spain which are asso-
ciated with saturated unconsolidated sediments (Serrano et al.,
2002). Moreover, many researchers found that the nucleation
zones of large crustal earthquakes are characterized by low-
velocity and high Vp/Vs ratio (Zhao et al., 1996; Zhao and
Negishi, 1998; Kayal et al., 2002; Salah and Zhao, 2003). This is
also consistent with the low-velocity and the high s ratio zonesdetected by Salah (2007) in the central part of the Gulf of Aqaba
where many large earthquakes occur. It has been found that these
zones have also high electrical conductivity; hence, many
researchers proposed that overpressurized ﬂuids exist in the fault
zone (e.g., Gupta et al., 1996; Thurber et al., 1997). The potential
source of ﬂuids may be due to dehydration of minerals, ﬂuids
trapped in the pore spaces, and meteoric water (Zhao et al., 1996).
6. Conclusions
The Sinai subplate is located in the southeastern Mediterranean
region between the Arabian and African plates and is affected by the
relativemotionbetween these twoplates and theEurasianplate. This
geotectonic setting has a pronounced effect on the local and regional
seismic activity and geology of the region. The available local and
regional arrival time data listed in four Egyptian Seismological
Bulletins and seismicity from NEIC catalogs (National Earthquake
Information Center, 2010) are analyzed to study the crustal velocity
structure and the seismotectonic setting of central and southern
Sinai. TTRs fromregional and local earthquakes indicate that thecrust
and parts of the uppermost mantle are characterized by widely
distributed low-velocity zones. The crustal Vp/Vs ratios are 1.74 and
1.76 from shallow and lower crustal events, respectively. These
slightly high Vp/Vs ratios, moderate to high seismicity and the low-
velocity zones might be induced by the ascending of hot mantle
M.K. Salah / Geoscience Frontiers 4 (2013) 213e222 221materials along weak fracture zones associated with the rifting and
theopeningof the northernpart of theRed Sea, theGulf of Aqaba and
the Suez rifts. These inferences are consistent with many geological
and geophysical observations conducted for the Sinai Peninsula and
the surrounding regions such as high heat ﬂow, low Pn velocity, and
inefﬁcient Sn propagation. Seismicity along the Suez rift indicates
that thenortheastern tip of theAfricanplate and the Levant Basin are
in an ongoing process of breakup. To the north of the Suez rift, the
seismic activity disperses and terminates, showing that the area is
still connected with the African Plate. Most of the seismicity,
however, is concentrated within a seismogenic belt that stretches
along the Gulf of AqabaeDead Sea Transform and the Cyprian Arc.
This seismic activity reﬂects the sense of relative motion along the
plate boundaries. The local seismicity is mainly of crustal origin and
could be accompanied by considerable damages and economic los-
ses. Hence, the geologic and seismotectonic setting of Sinai must be
considered in the planning strategy of Sinai development. In addi-
tion, comprehensive geological and geophysical investigations for
the existing and future proposed projects in central and southern
Sinai are necessary and highly recommended.
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